Oligomerization of the HIV-1 protein Rev on the Rev Response Element (RRE) regulates nuclear export of genomic viral RNA and partially spliced viral mRNAs encoding for structural proteins. Single-molecule fluorescence spectroscopy has been used to dissect the multistep assembly pathway of this essential ribonucleoprotein, revealing dynamic intermediates and the mechanism of assembly. Assembly is initiated by binding of Rev to a high-affinity site in stem-loop IIB of the RRE and proceeds rapidly by addition of single Rev monomers, facilitated by cooperative Rev-Rev interactions on the RRE. Dwell-time analysis of fluorescence trajectories recorded during individual Rev-RRE assembly reactions has revealed the microscopic rate constants for several of the Rev monomer binding and dissociation steps. The high-affinity binding of multiple Rev monomers to the RRE is achieved on a much faster timescale than reported in previous bulk kinetic studies of Rev-RRE association, indicating that oligomerization is an early step in complex assembly.
Oligomerization of the HIV-1 protein Rev on the Rev Response Element (RRE) regulates nuclear export of genomic viral RNA and partially spliced viral mRNAs encoding for structural proteins. Single-molecule fluorescence spectroscopy has been used to dissect the multistep assembly pathway of this essential ribonucleoprotein, revealing dynamic intermediates and the mechanism of assembly. Assembly is initiated by binding of Rev to a high-affinity site in stem-loop IIB of the RRE and proceeds rapidly by addition of single Rev monomers, facilitated by cooperative Rev-Rev interactions on the RRE. Dwell-time analysis of fluorescence trajectories recorded during individual Rev-RRE assembly reactions has revealed the microscopic rate constants for several of the Rev monomer binding and dissociation steps. The high-affinity binding of multiple Rev monomers to the RRE is achieved on a much faster timescale than reported in previous bulk kinetic studies of Rev-RRE association, indicating that oligomerization is an early step in complex assembly.
ribonucleoprotein assembly ͉ single-molecule fluorescence spectroscopy ͉ viral RNA trafficking R ev, a key regulatory protein of HIV-1, activates nuclear export of unspliced and partially spliced viral mRNAs, encoding genomic RNA and the structural proteins Gag, Pol, and Env, respectively (reviewed in ref. 1) . Rev binds to a highly conserved region of the viral mRNA known as the Rev Response Element (RRE). The RRE contains a single high-affinity binding site for Rev, although as many as 8 Rev molecules can bind to a single RNA (2) (3) (4) . In fact, binding of a single Rev molecule to the RRE is incapable of activating mRNA export, indicating that oligomerization of Rev on the RRE is required for Rev function (5, 6) . Because Rev-mediated RNA export is essential for viral replication, the Rev-RRE complex is a potential therapeutic target for treatment of HIV/AIDS, although effective inhibitors of Rev function have yet to be developed.
Despite the important role of the Rev-RRE ribonucleoprotein (RNP) in the HIV-1 life cycle, the mechanism of oligomeric complex assembly is not well understood. Previous studies have suggested that a single Rev monomer initially binds to the high-affinity site, after which additional monomers assemble on adjacent regions of the RRE (3, 6, 7) . Alternatively, preformed oligomers of Rev might bind directly to the RRE (8, 9) , because Rev is known to self-associate in the absence of RNA, with an association constant of 1 ϫ 10 6 M Ϫ1 (10). To date, it has not been possible to distinguish these assembly models, because all previous studies have been performed under ensemble-averaged conditions at relatively high protein concentrations. Here, we use single-molecule fluorescence spectroscopy to observe individual steps of RNP assembly. Our results clearly demonstrate that multiple Rev monomers bind sequentially to the RRE and they establish a detailed kinetic framework for the early steps of Rev-RRE assembly. Moreover, the method described here could be used to visualize the dynamic assembly of other biologically important RNPs.
Results
A truncated RRE construct, corresponding to approximately half of the full-length RRE, was immobilized by biotin/ streptavidin interactions on a quartz slide in the sample chamber of a wide field total internal reflection fluorescence (TIRF) microscope. The construct contains the high-affinity Rev binding site in stem-loop IIB, and each of the other stems of the RRE, but is truncated within stem I (Fig. 1A) . Based on previous biochemical analyses of similar truncated RRE variants, this construct is expected to bind up to 4 Rev monomers (4, 7), which was confirmed here by a gel electrophoretic titration (data not shown). To detect binding events at the single-molecule level, Rev was specifically labeled at a single cysteine residue with the bright fluorescent dye Alexa Fluor 555 (A555). TIRF microscopy (11) was used to observe individual Rev molecules as they bound to and dissociated from the immobilized RRE molecules. The surface was coated with polyethylene glycol (PEG) blocking groups to suppress nonspecific adsorption of Rev (12) . For these measurements, the labeled Rev was supplied at a concentration of 1 nM.
Typical fluorescence intensity trajectories (time traces) reveal discrete and abrupt transitions between states exhibiting different fluorescence intensity ( Fig. 2A) , reflecting individual binding and dissociation events. The specificity of the Rev-RRE interaction was tested by using a PEG-treated surface lacking any attached RRE molecules. Intensity trajectories recorded under the same conditions revealed only a few Rev binding and dissociation events, which together account for Ͻ10% of the number of events observed when the RRE was immobilized on the surface. Hence, the majority of transitions observed with the RRE present on the surface represent Rev-RRE binding and dissociation events. The signal arising from free Rev molecules diffusing in bulk solution was also negligible, because the background intensity levels measured with or without 1 nM Rev in the sample cell were identical.
The intensity histogram compiled from Ϸ1,000 trajectories of individual Rev-RRE complexes shows 4 distinct bound states, with evenly spaced fluorescence intensities, which we interpret as stepwise increasing Rev:RRE stoichiometries (Fig. 2 A) . Similar measurements performed with the V16D/I55N Rev mutant revealed only the lowest intensity state (Fig. 2B) . Because the V16D/I55N mutations are known to block oligomerization of Rev on the RRE (13), the lowest intensity state is assigned to the 1:1 Rev-RRE complex. Given their relative emission intensities, the remaining states observed in Fig. 2 A (in order of increasing brightness) are assigned to 2:1, 3:1, and 4:1 complexes.
In the trajectory shown in Fig. 2 A, the intensity jumps occur in steps of Ϯ1 Rev monomer, consistent with a sequential monomer binding pathway of complex assembly. To test the generality of this observation, we compiled the distribution of intensity jump sizes for 16,458 transitions (Fig. 3) . More than 90% of transitions fall within the range expected for binding or dissociation of a single Rev monomer. Hence, sequential monomer binding is the predominant mode of Rev-RRE complex assembly.
Previous studies suggest that the first Rev monomer binds to the high-affinity site, located within the internal loop of stem IIB of the RRE (4, 7) . To test the role of the high-affinity site in complex assembly, the internal loop was substituted with fully complementary duplex RNA (Fig. 1B) . This modification of the RRE eliminated all binding events (Fig. 2C) , confirming that oligomeric assembly is indeed nucleated by the binding of a Rev monomer to the high-affinity site. This result further indicates that Rev has a low intrinsic affinity for secondary sites in the RRE under the present experimental conditions, suggesting that higher-order complex formation is driven primarily by proteinprotein interactions.
Kinetic information on the Rev binding and dissociation steps was obtained by compiling the distribution of dwell times for each stoichiometry state before an upward or downward intensity transition (examples of dwell-time histograms are shown in supporting information (SI) Fig. S1 and Fig. S2 ). The resulting histograms were fitted with exponential functions in order to determine the corresponding rate constants (summarized in Fig.  4) . Apart from the first Rev binding transition, the dwell-time histograms for the binding and dissociation steps (Fig. S2 ) are adequately fitted with a single exponential decay (R 2 values in the range 0.85-0.92), and the fits are not significantly improved by the inclusion of a second exponential or a constant background term. In contrast, the dwell-time histogram for the initial Rev binding transition (Fig. S1 ) is fitted better with a double exponential (R 2 ϭ 0.92) than a single exponential (R 2 ϭ 0.78). The fast phase, accounting for 75 Ϯ 15% of the total events, has an apparent rate of 0.53 Ϯ 0.17 s Ϫ1 , corresponding to a bimolecular association rate constant of 5.3 Ϯ 1.7 ϫ 10 8 M Ϫ1 s Ϫ1 at the Rev concentration used (1 nM). This value is comparable to the diffusional encounter rate of two small proteins in solution (14) . The slow phase has a rate of 0.040 Ϯ 0.015 s Ϫ1 , corresponding to a bimolecular rate constant of 4.0 Ϯ 1.5 ϫ 10 7 M Ϫ1 s Ϫ1 . This phase may arise from a minor population of RRE molecules that bind Rev more slowly. Note that only the fast association rate (major component) is shown in Fig. 4 . The second, third, and fourth Rev monomers also bind rapidly to the RRE with bimolecular rate constants in a similar range and with a single kinetic phase (Fig. 4) . Each of the Rev monomers dissociates from the RRE at a similar rate (0.14-0.22 s Ϫ1 ; Fig. 4 ) and only a single kinetic phase is observed in each case.
In principle, photobleaching of the A555 dye could be responsible for some of the downward intensity transitions, despite the presence of the oxygen scavenger propyl gallate in the surrounding solution. To assess the possible influence of dye photobleaching, we repeated the TIRF measurements across a range of laser excitation powers from 40 to 70 mW. The rate of dye photobleaching is expected to increase with the excitation intensity. However, we did not observe any significant change in the apparent rates of the Rev dissociation steps across this range of laser powers. In addition, we directly measured the dye photobleaching rate under identical experimental conditions by using an immobilized RNA construct labeled with Alexa Fluor 555. The dye photobleaches at a rate 8.5 Ϯ 0.1 ϫ 10 Ϫ3 s Ϫ1 under the illumination conditions used in the TIRF measurements of the Rev-RRE system, substantially slower than any of the Rev dissociation steps (Fig. 4) . Note that the dissociation rates shown in Fig. 4 are corrected for the small contribution of dye photobleaching, through the use of Eq. 2.
The association and dissociation rates recovered from dwelltime analysis were used to calculate the equilibrium dissociation constants for each step of Rev-RRE complex assembly, and the resulting values are presented at the bottom of Fig. 4 . Clearly, each of the Rev monomers is bound tightly to the RRE. Notably, the K D values determined from our kinetic data are consistent with reported bulk values of 0.3-2 nM for Rev and full-length RRE (2, 10, 15) , considering that the bulk values are an average over all protein binding events. Moreover, this agreement confirms that the presence of the A555 dye label in our Rev construct does not appreciably alter the affinity of Rev for the RRE.
Discussion
The interaction of Rev with the RRE is a complex process. Despite harboring just a single high-affinity binding site, the full RRE can bind as many as 8 Rev molecules (2-4). In fact, oligomerization of Rev on the RRE is essential for Rev function, because the 1:1 Rev:RRE complex does not promote nuclear export of RRE-containing mRNA (5, 6) . Individual RNP complexes with different Rev:RNA stoichiometries can be readily resolved by gel electrophoresis, as reported by several groups (3, 4, 6, 15, 16) . Despite the experimental consensus, these observations have been interpreted in 2 different ways. In one proposed model, a single Rev monomer nucleates assembly by binding to the high-affinity site in stem-loop IIB, after which additional monomers bind sequentially to adjacent sites on the RRE (3, 17) , most likely along stem I (4). Alternatively, it was proposed that Rev must oligomerize in solution before binding to the RRE (8, 9 ). The latter model is supported by the observation that Rev can self-associate in solution to form a distribution of oligomeric species (10) . It is important to emphasize that these 2 assembly models cannot be distinguished from measurements of the equilibrium distribution of the various Rev-RRE complexes, as reported by gel electrophoresis or other static methods.
To overcome this limitation, we have devised a singlemolecule fluorescence spectroscopic method to observe the dynamic assembly of fluorophore-labeled Rev on a single immobilized RRE molecule in real time. The fluorescence intensities measured with this system are quantized into 4 evenly spaced levels, consistent with the expected binding of up to 4 Rev molecules to the truncated RRE construct. Moreover, only the lowest intensity level is observed when the V16D/I55N Rev mutant is used, which is known to arrest assembly at the 1:1 Rev-RRE complex (13) . Mutation of the high-affinity binding site in stem-loop IIB of the RRE eliminates all intensity states, consistent with the critical role of this site in nucleating the oligomeric assembly of Rev on the RRE. Taken together, these results establish that the different intensity levels represent individual Rev-RRE complexes with stepwise increasing stoichiometry. The fluorescence intensities scale linearly with the number of bound Rev monomers, indicating that there is negligible self-quenching, despite the presence of multiple dye molecules within the higher-order complexes. Hence, the singlemolecule fluorescence system is well behaved and reproduces known properties of the Rev-RRE system. This new experimental system has allowed us to discriminate between the 2 previously proposed models for Rev-RRE complex assembly. By monitoring the f luorescence intensity over time, we have counted the number of labeled Rev molecules that associate with the RRE during each step of assembly. Moreover, because binding is reversible, we also observe spontaneous dissociation events in the f luorescence trajectories. The majority of the observed intensity jumps (Ͼ90%) fall within the range expected for a single Rev molecule, demonstrating that Rev monomers bind to and dissociate from the RRE one at a time. These results constitute the first definitive evidence for the sequential monomer binding model of Rev-RRE complex assembly.
It is formally possible that 2 Rev molecules bind simultaneously to the RRE, one of which has photobleached before binding. Such an event would be falsely registered as a monomer binding event. Based on the measured rate of photobleaching, Ϸ15% of Rev molecules could photobleach during a 20-s data acquisition, provided they remained in the evanescent field (Ϸ100 nm deep) for the entire time before binding to the RRE. However, because the Rev molecules are not tethered, they are free to diffuse in and out of the evanescent field and to exchange with the vast excess of unbleached Rev molecules in bulk solution (Ϸ500-fold excess, based on the relative dimensions of the evanescent illumination zone and the sample cell). Hence, the fraction of prebleached Rev molecules that bind to the RRE is expected to be inconsequentially small. Oligomerization of Rev on the RRE appears to be a highly cooperative process. The first Rev monomer binds the RRE with high affinity (K D ϭ 0.26 Ϯ 0.09 nM), reflecting the formation of a specific RNA-protein interface. This interaction requires the presence of the internal loop in stem IIB, consistent with previous studies showing that the high-affinity Rev binding site is localized in this region of the RRE (7, 15) . The second Rev monomer also binds the RRE with high affinity (K D ϭ 0.77 Ϯ 0.13 nM), provided that the nucleating Rev monomer is also present. However, if the nucleating monomer is absent, by removal of the internal loop in stem IIB, no significant Rev binding events are observed, indicating that Rev has a low intrinsic affinity for the flanking RNA. We estimate the K D value for the nonspecific Rev-RNA interaction must exceed 100 nM, because any dissociation constant smaller than this value would have produced a detectable level of binding under the conditions of our experiments. Hence, the second Rev monomer is bound at least 130-fold more tightly when the nucleating monomer is also present, indicating a high degree of thermodynamic cooperativity in the binding of these monomers. Presumably, the cooperativity arises from protein-protein interactions between adjacent Rev monomers. These cooperative protein-protein interactions are disrupted by the V16D/I55N Rev mutations, suggesting that Val-16 and/or Ile-55 are located at the monomermonomer interface, consistent with the assembly model proposed by Jain and Belasco (17) . The third and fourth Rev monomers are also bound more tightly than expected from protein-RNA interactions alone (Fig. 4) , indicating that these Rev molecules also participate in cooperative protein-protein interactions on the RRE.
Dwell-time analysis of the intensity trajectories has provided detailed kinetic information on each of the association and dissociation steps during Rev-RRE complex assembly. Each of the Rev monomers binds rapidly to the RRE, with bimolecular rate constants (Fig. 4) that are comparable to the diffusional encounter rate of 2 small proteins in solution (14) . The rapid association might be aided by electrostatic attraction between the negatively charged RNA backbone and the 10 positively charged arginine residues within the RNA binding domain of Rev. In favorable circumstances, electrostatic attraction can accelerate bimolecular association by a factor of up to 10 3 -10 4 compared with the rate of translational diffusion alone (14, 18) . However, it is important to emphasize that the single-molecule experiments are not simply reporting the formation of diffusional encounter complexes, because the binding events depend on the presence of the internal loop in stem IIB (Fig. 2C) , indicating an ordered rather than stochastic assembly process, and the calculated dissociation constants are in the low to subnanomolar range, reflecting high-affinity interactions (Fig.  4) . The dwell-time histogram for the first association step also reveals a slower kinetic phase that is not apparent during any of the subsequent Rev binding steps. Hence, this phase may arise from a minor population of misfolded RRE molecules that bind the first Rev monomer slowly and are incapable of progressing beyond the 1:1 complex.
The association rates obtained from our TIRF measurements are 2-3 orders of magnitude faster than those reported in previous bulk surface plasmon resonance (SPR) experiments that also utilized an immobilized RRE molecule (19) , even allowing for the slow kinetic phase observed during binding of the first Rev monomer. This discrepancy could be due to differences in assay format, experimental conditions, and the materials used in each case. Moreover, the physical basis for the 2 assays is fundamentally different. The SPR experiments monitor the progressive accumulation of many Rev molecules on the sensor chip, whereas our TIRF experiments monitor the rapid and reversible binding of individual Rev monomers during the early stages of complex assembly.
The single-molecule TIRF measurements reported here have established the basic mechanism of Rev-RRE complex assembly. Assembly of the Rev-RRE complex within the nucleus of a HIV-1-infected human cell occurs in the presence of many host proteins. In fact, a variety of nuclear proteins are known to associate with the Rev-RRE complex and are essential for Rev function, such as the nuclear export receptor CRM1 (20) and the DEAD box protein DDX1 (21) . These and other proteins could potentially influence how Rev interacts with the RRE or they might stabilize Rev-RRE complexes once formed. Future studies will pursue the goal of creating RNPs that better resemble export-competent complexes, by addition of selected cellular cofactors to the Rev-RRE assembly reactions. The present study of the binary Rev-RRE system establishes an important first step in elucidating the assembly pathway of the RNPs involved in viral RNA trafficking. More generally, the degree of information provided by the single-molecule assay constitutes a technological advance in our capabilities to study macromolecular complex assembly and we anticipate its utility in a variety of systems.
Materials and Methods
RRE Constructs. The RRE construct used in most of the experiments is formed from 2 RNA strands, a synthetic 48-mer and an in vitro transcribed 161-mer (Fig. 1 A) . The synthetic RNA strand, RRE48, with the sequence (5Ј to 3Ј) UUC CUU GGG UUC UUG GGA GCA GCA GGA XGC ACU AUG GGC GCA GCG UCU-(CH 2)3-SH, where X is NH2-(CH2)6-dU, was obtained from Eurogentech S.A., and was PAGE purified. The second strand for the RRE construct, RRE 161, was generated by in vitro transcription and subsequently biotinylated at the 3Ј end for surface attachment (SI Text). RRE48 and biotinylated RRE161 were annealed in 20 mM Hepes (pH 7.5), 140 mM NaCl, 10 mM MgCl2, and 10 mM DTT at 95°C for 5 min and then slowly cooled to 4°C. This procedure yields a single annealing product, evident in a 10% native polyacrylamide gel (data not shown). A second RRE construct was formed by annealing the biotinylated RRE 161 with a different synthetic oligonucleotide, RRE50, with the following sequence (5Ј to 3Ј) UUC CUU GGG UUC UUG GGA GCA GCA GGA UGC ACU AUG UAC CGU CAG CGU CU. This construct replaces stem-loop IIB with fully complementary duplex RNA (Fig. 1B) Institute) . In the numbering system, the sequence of wt Rev begins at residue zero. The N-terminal extension (residues Ϫ1 to Ϫ16) contains a hexahistidine tag used for affinity purification. One construct was mutated (C85S, site indicated in bold type above) such that there is only a single cysteine residue present at position 89 available for fluorophore labeling. For simplicity, this construct is referred to as Rev. Cys-85 and Cys-89 are both well removed from the RNA binding region of Rev (amino acids 34 -50), such that mutation of one of the cysteines and labeling of the other is not expected to impair the RNA binding activity of the protein. An oligomerization-deficient Rev mutant contained V16D and I55N mutations (13) (sites also indicated in bold above), in addition to the C85S mutation and N-terminal extension. This construct is referred to as V16D/I55N Rev. Both Rev constructs were covalently labeled with Alexa Fluor555 at the single cysteine, resulting in Ͼ90% labeling as determined by MALDI mass spectrometry. The labeled and unlabeled Rev proteins were separated by HPLC purification under denaturing conditions (the 2 species were completely resolved with baseline separation), affording 100% labeled material. Labeled Rev constructs were refolded by equilibrium dialysis, aliquoted and stored at Ϫ80°C before measurement (SI Text).
Total Internal Reflection Fluorescence Microscopy. Measurements were performed by using a custom-built, prism-based total internal reflection fluorescence microscope. A tunable argon-ion laser set to 514 nm and 40 -70 mW average power (Melles-Griot) was directed through a beam expander and focused onto a quartz prism in contact with a sample chamber mounted on the stage of an inverted Axiovert 200 microscope (Zeiss). The laser beam entered the prism at an angle of 70°, above the critical angle required for total internal reflection. The prism was in contact (via a glycerol layer) with a refractive index matched quartz slide, which had been treated with polyethylene glycol to minimize nonspecific protein adsorption and with streptavidin for surface attachment of the sample (SI Text). The sample consists of 100 pM biotinylated RRE and 1 nM Rev-A555 in 10 mM Hepes (pH 7.5), 150 mM KCl, 10 mM K2SO4, 2 mM MgCl2, and 2 mM DTT. The sample was preincubated for 5 min, 1 mM propyl gallate was added as an oxygen scavenger, and the resulting mixture was flowed into the sample chamber before measurements. The sample fluorescence was collected by using a Plan Apo 63 ϫ 1.2 NA extra-long working distance water-immersion objective (Zeiss), and separated from the scattered excitation light with a dichroic mirror (z514rdc, Chroma) and bandpass filter (HQ530lp, Chroma). The fluorescence passed through a 630dcxr dichroic mirror and HQ585/60 bandpass filter (Chroma) and detected by a cooled intensified CCD camera (I-PentaMAX, Princeton Instruments) with an integration time of 100 ms per frame.
TIRF Data Analysis. Fluorescence intensity trajectories (time traces) of individual Rev-RRE complexes were extracted from raw CCD camera movie files by using a custom-written script (SI Text). The trajectories were analyzed by hidden Markov analysis by using the program HAMMY 22 , to construct intensity histograms and determine the number of distinct intensity states. A custom program was used to identify the transition points between distinct intensity states, yielding the dwell time for each state sampled in the trajectory. These values were used to construct dwell-time histograms by using Origin software. The dwell-time histograms for upward intensity transitions were fit to a single-or double-exponential function, according to Eq. 1:
where N(t) is the number of occurrences of dwell time t, Ai is an amplitude factor, kon,i is the first-order rate constant for component i and i ϭ 1 or 2. The corresponding bimolecular rate of association, k ass,i, was calculated as kass,i ϭ k on, where kdiss,i is the dissociation rate for component i (i ϭ 1 or 2) and kpb is the rate of dye photobleaching. A correlation coefficient (R 2 value) was calculated in every case to determine whether the dwell-time histograms were best represented by single-or double-exponential functions.
Dye Photobleaching Kinetics. An RNA duplex corresponding to stem IIB of the RRE was formed from 2 RNA oligonucleotides. One strand was labeled at the 3Ј end with Alexa Fluor 555 and at the 5Ј end with biotin for surface attachment. The duplex was immobilized on a PEG-treated surface and visualized by TIRF microscopy by using the same excitation intensity used for the Rev-RRE system. The total number of fluorescent molecules visible in the field of view was monitored over time, and the resulting time course was fitted with an exponential function to determine the rate of dye photobleaching, k pb.
